Heavy metal pollution is a severe environmental problem affecting many water resources. The nonbiodegradable nature of the heavy metals such as lead (Pb) causes severe human health issues, so their cost-effective, sensitive and rapid detection is needed. In this work, we describe a simple, facile and low cost modifications of multiwalled carbon nanotubes (MWCNT) and β-cyclodextrin (βCD) through non-covalent/physical (Phys) and a covalent Steglich esterification (SE) approaches. The Phys modification approach resulted Pb detection with a limit-of-detection (LoD) of 0.9 ppb, while the SE approach showed an LoD of 2.3 ppb, both of which are well below the WHO Pb concentration guideline of 10 ppb. The MWCNT-βCD (Phys) based electrodes show negligible interference with other common heavy metal ions such as Cd 2+ and Zn 2+ . The MWCNT-βCD based electrodes were of low-cost owing to their simple synthesis approaches, exhibited good selectivity and reusability. The proposed MWCNT-βCD based electrodes is a promising technology in developing a highly affordable and sensitive electrochemical sensing system of Pb in drinking water.
The electrochemical sensors, commonly referred to as "electrodes", are ideal candidates as they can be fabricated with low-cost to detect Pb with higher precision and accuracy. The material system of a sensing electrode is the key ingredient in maximizing overall performance of an electrochemical analysis instrument. Specifically, electrode materials based on carbon nanomaterials, 11 metal nanoparticles, 12 and a number of selectivity-enhancing polymeric or organic materials [13] [14] [15] have attracted tremendous research interest for their collective attributes such as high effective surface area, enhanced electron transfer, ability to be miniaturized, and improved selectivity. More notably, nanomaterials based electrodes made up of easily available electrode materials by a facile and scalable 4 synthesis method can be exploited to fabricate low cost electrodes for the analysis of multiple environmental targets such as heavy metals such as lead and pharmaceutical contaminants such as acetaminophen and estrogen in drinking water. 16, 17 The ability to detect multiple environmental targets at low cost and in an easy to use manner requires careful selection of sensing materials to provide high sensitivity and selectivity, development of simple modification approaches and user-friendly analysis steps.
Multiwalled Carbon nanotubes (MWCNTs) are excellent electrode material to realize simple, low cost and easy-to-use electrochemical sensors because of their wide electrical potential window, fast electron transfer rate and large surface area. 18 Unmodified MWCNTs in the form of tower, array, and thread structures were used as an electrode material. These unmodified MWCNTs provided considerable simplicity in electrode fabrication compared to that of modified MWCNTs. 19 However,
MWCNTs do not disperse well in most common organic and inorganic solvents due to the high Van der Waals force between them that lead to aggregation and bundling. 10 Therefore, non-covalent modification of MWCNTs through π-π conjugation between MWCNTs surface and the organic modifiers such dodecylbenzene sulfonate and Nafion showed better sensing performances. 11 However, non-covalent modifications cannot significantly improve the sensitivity and selectivity of the electrodes since individual nanotubes becomes less interconnected, thus facilitating fewer electron transfer.
11
MWCNTs have also been covalently modified by functionalization with amino groups (-NH2), thiol groups (-SH), amino acids (-NH 3+ and -COOH), and Bismuth (Bi) which improved the selectivity and limit of detection. 11 But then the covalent modification approaches require tedious chemical reaction procedures and thus increase fabrication complexity.
Recently, non-covalent modifications of MWCNTs with β-cyclodextrin (βCD) molecule have shown enhanced sensing performance due to improved dispersion of MWCNTs in the presence of βCD. 20, 21 The improved sensing performance was due to the inclusion complex formation property of βCD towards the detection of emerging pharmaceutical contaminants such as acetaminophen and estrogen in The difference in the surface coverage by Pb in the three types of electrodes could be related to the amount of βCD present with the MWCNTs. We demonstrated before that the amount of βCD is highest in MWCNT-βC (Phys) compared to that of MWCNT-βCD (SE). 17 In fact, there are 1:2 weight ratio of βCD:MWCNTs present in the MWCNT-βCD (Phys) suspension through physical/non-covalent mixing. On the contrary, MWCNT-βC (SE) has much smaller amount of βCD since the chemical attachment of βCD with MWCNT (i.e., the Steglich esterification) depends on the amount of -COOH groups present in the precursor MWCNT-COOH material. It was found that MWCNT-βC (SE) has only ~1:10 weight ratio of βCD:MWCNTs. 17 Thus, it is confirmed that MWCNT-βC (Phys)/SPE electrode has the highest amount of βCD which are physically/non-covalently attached with MWCNTs. The linear detection range of MWCNT-βCD (Phys)/SPE electrode for the detection of Pb2+ ion was measured to determine its feasibility for use in drinking water monitoring. Figure 3(a) shows that the current peak for lowest Pb 2+ ion concentration is located at −0.6 V. The peak current slightly shift towards more anodic value with the increased concentration of Pb 2+ ion. This peak shifting could be due to diffusional control reaction influenced by concentration difference. 24 Figure   3 (b) shows the calibration curves for the concentration ranges of 0.015-20 μM (3.1-103.3 ppb). The error bars for each data point was calculated by taking six measurements using newly prepared sensors each time and by multiplying Student's t-distribution k value of 2.57 to get 95% confidence interval.
The linear regression equations can be expressed as Ip = 0.098 C + 0.0266, where Ip is the peak current (in µA) and C is the Pb 2+ concentration (in ppb). The sensitivity of the MWCNT-βCD (Phys)/SPE electrode is 98 nA/ppb. The limit of detection (LoD), defined as LoD = 3s/m (where, s is the standard deviation of the blank solution (0.03 μA), and m is the slope of the calibration curve), was estimated to be 0.9 ppb. Therefore, the linear range and the LoD value of the MWCNT-βCD (Phys)/SPE sensor to detect lead concentration in drinking water are much better than those specified by the WHO guideline. The LoD value is compared with other recent reports for the detection of Pb 2+ using electrodes based on MWCNTs, as shown in Table S1 . [25] [26] [27] [28] [29] [30] It is observed that the MWCNT-βCD (Phys)/SPE sensor has comparable linear range and one of the lowest limit of detection (LoD) for the detection of Pb 2+ . For comparison, the linear range and calibration curves of MWCNT-βCD (SE)/SPE electrode was also measured and are shown in Figure S1 . The MWCNT-βCD (SE)/SPE electrode showed a linear detection range of 6.2 -103.5 ppb with an LoD of 2.3 ppb. Thus, the sensitivity of the MWCNT-βCD (SE)/SPE electrode is 38.6 nA/ppb, which is ~2.5
times lower than that of MWCNT-βCD (Phys)/SPE. However, the MWCNT-βCD (SE)/SPE electrode showed better performance in terms of stability.
The stability of the MWCNT-βCD (Phys)/SPE and MWCNT-βCD (SE)/SPE electrodes were investigated to examine their repeatability and reusability. The two types of electrode were repeatedly reused in similar and different concentrations of Pb 2+ solutions. Before reusing the electrodes, they were electrochemically cleaned/regenerated by applying 0.31 V under magnetic stirring in a blank solution for 300 s to desorb the Pb molecules from the electrode surface, as shown in Figure S2 . The cleaning procedure was found to be more effective and faster when magnetic stirring was used, as shown in Figure S2 with MWCNTs which is stronger than that of the MWCNT-βCD (Phys) that provides better electrode surface adhesion during cleaning/regeneration steps. Consequently, the MWCNT-βCD (SE)/SPE can provide better reusability when measuring higher levels of Pb 2+ , and the MWCNT-βCD (Phys)/SPE can offer better sensitivity as well as reusability when lower levels of Pb 2+ is measured.
The MWCNT-βCD (Phys)/SPE and MWCNT-βCD (SE)/SPE electrodes are low cost and can be used utilized in resource limited areas. The low cost of fabrication of these electrodes is due to the simple MWCNTs modification processes (covalent/non-covalent), use of simple equipment and lowcost commercial carbon SPE electrodes. Furthermore, apart from the electrochemical cleaning/regeneration procedure described above, the SPE electrode can also be reused by simply wiping off the MWCNT-βCD from its surface using Kim Wipes and cleaning with solvents like isopropyl alcohol followed by drop-casting another aliquot of 10 µL of MWCNT-βCD solution. The SPE electrode showed negligible degradation in sensing performance over at least 50 cycles of cleaning and remaking of the electrodes.
The reusability of the SPE electrode provides further economic benefits to reduce the overall cost to run a single experiment. Table S2 shows the breakdown of materials cost (in US$) to fabricate a new MWCNT-βCD (Phys)/SPE or MWCNT-βCD (SE)/SPE electrode and to run a single experiment to highlight the cost-effectiveness of the proposed Pb 2+ sensor. Table S2 shows that the materials cost a 10 µL drop of MWCNT-βCD (Phys/SE) required to fabricate a single sensor is only $0.0026 which is only 0.21% compared to the price of a single SPE ($1.25). Additionally, the prices included on Table   S2 can be reduced more since it lists the retail prices. Also, if a MWCNT-βCD (Phys/SE)/SPE sensor is cleaned/regenerated for 10 times, then the cost of each measurement will be much smaller. Therefore, the MWCNT-βCD (Phys/SE)/SPE electrode can be fabricated with extremely low cost. The fabrication costs can be further reduced by fabricating the SPE electrode also instead of using the commercial one. In this research work, we developed low-cost and easy-to-use electrochemical sensors for the determination of Pb 2+ using non-covalent/physical and a one-step covalent modifications ( 
